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HOIJJOWCATHODEOPERATIONAT HIGHDISCIIARG_.CURRENTS
Verlin Friedly
An experimental study into the characteristics of ion thruster
hollow cathodes operating at high discharge currents (up to 60 A) was
conducted during the grant period. These tests showed that a hollow
cathode operated at high discharge current levels can induce reduced
thruster lifetimes by causing cathode insert overheating and/or
erosion of surfaces located downstreamof the cathode. This erosion,
which has been observed in many thrusters, is known to becomemore
severe as discharge current is increased, but the mechanismby which
it could occur has not been understood. The experimental
investigation conducted during the subject grant period has shown that
the energies of ions produced close to the cathode orifice can be
several times the anode-to-cathode potential difference generally
considered available to accelerate them. These energies (of order
50 eV) are sufficient to cause the observed erosion rates. The
effects of discharge current, magnetic field configuration and the
cathode design and operating conditions (flowrate, orifice diameter
and insert design) on the energies and current densities of these
ions are examined. A qualitative description of the mechanismby
which the high energy ions could be produced at modest anode-to-
cathode potential differences is proposed. The effects of discharge
current on cathode temperature and internal pressure are also examined
experimentally and described phenomenologically. This work is
described in detail in a report [i] completed during the grant period
which will not be reproduced here.
A TECHNIQUEFOROPTIMIZINGDISCHARGE CHAMBER DESIGN PARAMETERS
Jeffrey Monheiser
Work was performed using the ion thruster model developed by
Brophy [2] and expanded in Ref. [3] to determine the value of one of
many possible design parameters that would optimize the performance of
a discharge chamber for a particular mission. The design parameter
selected for this particular study was the beam diameter. The
specific object of the work was to determine the extent to which the
screen grid of a particular thruster should be masked down to effect
operation at maximum thrust-to-power on a mission for which 3000 sec
was the optimal specific impulse. The discharge chamber selected for
the study was an 8 cm dia. ring cusp/hollow cathode chamber on which
substantial experimental data had been collected. The inner diameter
of the ring magnets associated with this chamber was -8 cm and the
chamber had the physical arrangement and magnetic field configuration
shown in Fig. I.
Adjusting the beam diameter of a thruster with a prescribed
discharge chamber facilitates optimization of its performance by
balancing two competing effects. Those two effects are associated
with neutral atom losses, which increase as the diameter is increased,
and ion recombination losses on the screen grid, which decrease as the
beam diameter is increased. While the optimization is carried out
here in terms of beam diameter only, the technique is considered to be
quite general and suitable for the selection of optimal values of one
or more other discharge chamber design parameters.
In order to execute the procedure, the discharge chamber is
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Fig. i 8 cm Dia. Ring Cusp/Hollow Cathode Thruster
characterized as a function of the design parameter(s) of interest in
terms of the performance parameters proposed by Brophy, namely, Co ,
,
the primary electron utilization factor, _p, the baseline plasma ion
energy cost and fB' the fraction of the ions produced in the discharge
chamber that are extracted into the beam. The relationship between
these performance parameters and the beam diameter (dB) being studied
in this example could be determined from either experiments or a
mathematical model relating them. For this case, the experimental
results of Figs. 2 and 3 were used. They show the measured effects of
beam diameter on the parameters when the discharge voltage (VD) was
being held at 40 V and xenon propellant was used. The curves of Fig.
2 depart somewhat from the ideal theoretical behavior predicted by
Brophy (theoretically, Ep should be independent of dB and C o should be
d_). In spite of this and the fact that theinversely proportional to
lower plot shows some data scatter, the results will be used here as
representative of the chamber.
In Fig. 3, the symbols fs and fw represent the fractions of ions
produced that go to the screen grid and discharge chamber wall,
respectively. The data in this figure show the expected complementary
increase in ion losses to the screen grid and decrease in ion
extraction into the beam as the beam diameter is reduced (i.e. as open
area of the screen grid is reduced).
The optimization was carried out by applying the procedures and
equations presented in Ref. [3]. Specifically, the propellant
utilization (Nu) was selected to yield thruster operation at the
maximum thrust-to-total thruster power ratio (F/PT) as given by the
expression:
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In this equation, I is the specific impulse for the mission under
sp
consideration (3000 sec. for the present example), geo is 9.8 m/sec 2,
m° is the ion mass, and e is the electron charge. Equation I has been
1
simplified here to reflect the assumption that ion beamlet divergence
and doubly charged ion losses are negligible. The beam ion energy
cost (_B) appearing in this equation is given by:
i - exp[ "m Co(l'_u) ]]
-i
fc VD
+ (2)
fB
The fraction of the ions produced that go to cathode potential
surfaces (fc in Eq. 2) is about equal to the sum of the ion fraction
going to the screen grid and chamber walls (fs + fw ) which can be
determined from the data of Fig. 3. The propellant flowrate (m)
appearing in Eq. 2 is limited to values that will assure equal atom
densities at each beam area studied. It is determined using the
following equation developed from related equations in Ref. [3]:
K F 2 13
- dB sp (3)
4
Nu
The coefficient K can be treated as a constant in this case where only
the beam diameter (dB) of the thruster is being changed. Values of
ion beam flatness parameter (F) required for Eq. 3 are not shownhere,
but they were obtained from beamcurrent density profiles measured
using a Faraday probe at each beamdiameter.
The optimization procedure was carried out by varying the
propellant utilization from 0.I to 1.0 in Eqs. i through 3 for
thrusters characterized by the performance parameters given in Figs. 2
and 3 over the beamdiameter range from 5 to 8 cm. The results
obtained by so doing are shown in Fig. 4. They indicate that the
thruster of Fig. i operating at a 3000 sec° specific impulse will
produce the highest thrust-to-power ratio when the beamdiameter is
maskeddown to 6 cm and the propellant utilization efficiency of about
70%. These represent increases of between 10%and 15%in both thrust-
to-power ratio and propellant utilization efficiency over those
associated with the largest (8 cm) diameter beamthat one might
ordinarily expect to yield the best thruster performance.
It is noted that the purpose of this work is to demonstrate a
technique rather than to demonstrate exceptional performance. The
performance of the thruster being considered in this study is rather
poor by 8 cm diameter divergent or 30 cm diameter ring cusp or
divergent field thruster standards even when the beamdiameter is
optimized. This is the case because it is a small diameter chamber
and it utilizes high flux density magnets that produce strong magnetic
fields that extend deep into the chamber (Fig. Ic). If the region of
strong magnetic flux density were confined closer to the chamber
walls, or if the discharge chamber length and diameter were greater so
the depth of the penetration of the strong magnetic field was less,
operation at higher thrust-to-power levels and higher propellant
utilization efficiencies could be realized with a 8 cm dia. beam.
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It is also noted that the analysis carried out here defines
the maximum thrust-to-power operating point. Other objectives such as
the design and operating conditions that would yield the maximum
payload fraction for a particular mission could also be determined
using the technique.
i0
CHARGE-EXCHANGE ION PRODUCTION STUDY
Jeffrey Monheiser
It has been observed that accelerator grid impingement currents
are significantly greater in ion thrusters that operate on xenon than
they are in ones that operate on mercury. In fact, ground-based tests
have suggested these currents are -1% of the beam current when xenon
is used [4] while they were only -1/4% of the beam current with
mercury [5]. This observation is of concern because it suggests that
ion thruster accelerator grids that have been extensively tested on
mercury may exhibit much shorter lifetimes when they are operated on
xenon. It may also be, however, that this difference is due to a
simple facility effect that will not be present during a space test.
Specifically, it could be a reflection of the fact that xenon is more
difficult to pump than mercury.
The majority of the ions that impinge on the accelerator grid of
an ion thruster that is being operated properly are typically produced
by the charge-exchange process in one of three regions. These regions
are located I) between the screen and accelerator grids, 2) within the
apertures of the accelerator grid and 3) downstream of the accelerator
grid. The fact that the charge-exchange cross sections for mercury
[6] are greater than those for xenon [7,8] suggests that the
impingement currents for thrusters operating on mercury should be
greater than those for xenon unless the sizes of one or more of the
regions of charge-exchange ion production and/or the background
neutral gas or ion densities are greater when xenon is used. The
volumes of the intra-grid and inter-accelerator grid regions (I and 2)
Ii
should, however, be the samefor both propellants and ion and neutral
density differences are insufficient to explain the observed
differences. This leads one to conclude that the size of the charge-
exchange ion production region downstreamof the accelerator grid may
be greater whenxenon rather than mercury propellant is used.
It is also possible that the size of the region from which
charge-exchange ions might be drawn to the accelerator grid is
influenced by a number of other factors related to the neutralizer and
its operation. In order to study these effects, experiments designed
to identify the effects of propellant type, flowrate and backpressure
and of neutralizer position on the charge-exchange ion production
environment downstreamof the accelerator grid have been initiated.
The tests are being conducted on a SERTII thruster [9, I0] that
has been modified by installing a 0.64 cm dia hollow cathode, separate
main and cathode flow systems and a high perveance downstream-dished
grid set. The grids have 1.9 mmdia. screen holes and 1.3 mmdia.
accel holes on 2.2 mmcenters (689 open area screen and 309 open area
accel). The grid separation, which is 0.6 mmwhen the grids are cold,
is maintained by isomica spacers that are clamped between the grids
using papers clips. This grid set was madefrom 30 cm dia. grids that
have been cut downand then masked so the beamextraction zone is 15
cm in diameter. A hollow cathode neutralizer that can be movedboth
radially and axially relative to the centerline and grid plane,
respectively, during thruster operation has also been installed.
A schematic diagram indicating the electrical configuration of
the experiment and defining the symbols used to represent the currents
and voltages measured during the tests is shown in Fig. 5. In order
to determine the size of the charge-exchange region from which ions
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are drawn to the accelerator grid, it is necessary to measure the
potential field downstream of this grid. In order to measure this
field, a movable emissive probe that can be swept radially through and
axially parallel to the thruster centerline downstream of the grids
has been installed. Applying potential contour mapping techniques to
the data collected from this probe, it is hoped that the location of a
ridge of maximum potential can be defined. Upstream of such a ridge
one would expect the ions to be drawn into the accelerator grid, while
they should flow away from it downstream of this ridge. In order to
demonstrate the suitability of the apparatus, several preliminary
experiments in which the thruster and neutralizer were both operated
on xenon were carried out.
Figure 6 shows a typical equipotential map measured with the
thruster operating at main and cathode flowrates (mm and mc) of 270
and 145 mA eq., respectively, and a beam current (JB) of 290 mA (i.e.
at a propellant utilization efficiency {_u I of 70_). The neutralizer
was immersed in the beam at its edge and at the 5 cm axial location
and emissive probe data were collected over a curved surface that did
not pass close to the neutralizer location. In order to assure a
neutralizer emission current that was equal to this beam current, the
neutralizer bias voltage (Vc) had to be maintained at a potential 7.7
V below facility ground as indicated in the legend of Fig. 6. Other
data associated with the test, positive high voltage (V+), negative
high voltage (V_), discharge current (JD) and discharge voltage (VD),
are also given in the legend on the figure.
The reference axial position (zero) associated with the data of
Fig. 6 is the plane tangent to the dished accelerator grid at the
centerline. The size of the charge exchange region, which is
14
E3
Z
_,o
n_
5-5- _ _o
r.._ g g E ' =
II 0 -J
II II II II II II It II II II Z_ >0
E + I
._._> > _____>_o _=
f/
Lz3
0
013
0
-:,:-:-:::-:.:.:.:.:.:.: .....-..,......,.,...-.,.-........,.:,:.:-: :.:.:.:.:.:.:.:,:.:.:.: -..
•.. ;;.:.:.:.:.;.: .................... ,,.,.,.......
.... .,......:::::::: ':': ................
• .. •.........:.:.:.: ................ :-:
""'""i:i:i:i:!:!:ii .... '" " "'"'""" "
iiiiiiiiii!!!!ii!i_:::
1S
/
/
I
\
o
o
o
Im
I
o
a_
t-4
<
u_
o
o
_4
o
4J
o
_D
4_
o
.,-Ir._
identified by shading in the figure, extends to the anticipated
potential ridge which is, therefore, about 3 cm from the grid plane at
the indicated operating conditions. One would expect that charge-
exchange ions produced in this region to contribute substantially to
the total accelerator grid impingement current (Ji) of 1.8 mA and that
those produced beyond this ridge would not.
At the present time, numerical techniques that can be applied to
determine the location of the potential ridge from potential field
maps and the rate of charge exchange ion production between it and the
accelerator grid surface are being developed. Parameters that will be
varied to determine their effect on the location of the potential
ridge and the associated impingement current include: a) the
propellant being used, b) the neutralizer position, c) the neutralizer
axis orientation, d) the neutralizer flowrate, e) the thruster
propellant flowrate and utilization efficiency and f) the ambient
vacuum chamber pressure.
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